We show that the intensity of pumped states near Weyl point is different when pumped with left-and right-handed circular polarized light, which leads to a special circular dichroism (CD) in time-dependent angle resolved photoemission spectra (ARPES). We derive the expression for the CD of time-dependent ARPES, which is directly related to the chirality of Weyl fermions. Based on the above derivation, we further propose a method to determine the chirality for a given Weyl point from the CD of time-dependent ARPES. The corresponding CD spectra for TaAs has then been calculated from the first principle, which can be compared with the future experiments.
I. INTRODUCTION
The research on topological quantum states has emerged as one of the major topics in condensed matter physics in recent years. It was ignited by the discovery of two-dimensional (2D) and three-dimensional (3D) topological insulators (TIs) [1, 2] and received significant attention again by the discovery of 3D topological semimetals. In 3D topological semimetals the conduction and valence bands touch at certain points in the Brillouin zone and generate nontrivial band topology [3] . Up to now, there are three types of topological semimetals:
Weyl semimetals, Dirac semimetals and node-line semimetals. For Weyl semimetals, the band touching points are doubly degenerate and distributed in the Brillouin zone as isolated points, which can be viewed as "magnetic monopoles" in momentum space [4] . According to the so called "no-go theorem" [5] [6] [7] , Weyl points in lattice systems always appear in pairs with definite and opposite chirality. The Dirac semimetals can be generated by overlapping two Weyl fermions with opposite chirality at the same k-point, which has fourfold degenerate at the band touching points and can be only protected by additional crystalline symmetry [8, 9] . For node-line semimetals, the band touching points form closed loops in Brillouin zone around the Fermi level [10] [11] [12] [13] .
The breakthrough in topological semimetals research happened after the material realization of Dirac semimetal states in Na 3 Bi and Cd 3 As 2 [8, 9, [14] [15] [16] [17] [18] . Starting from Dirac semimetals, one can obtain Weyl semimetals by breaking either time-reversal [19] [20] [21] [22] or inversion symmetry [23] [24] [25] [26] [27] . Recently, a family of nonmagnetic and noncentrosymmetric 3D Weyl semimetals, the stoichiometric TaAs, TaP, NbAs and NbP, was first predicted theoretically [28, 29] and then verified experimentally [30] [31] [32] [33] [34] [35] [36] [37] . The intriguing expected properties characterizing the Weyl semimetal have been checked carefully in this family of materials. The surface Fermi arcs have been observed in most of these materials from ARPES experiments [30, 31, [34] [35] [36] [37] . The nontrivial π Berry's phase has been experimentally accessed by analyzing the Shubnikov de Haas oscillations in TaAs [33, 38] . The negative magneto-resistivity due to chiral anomaly has been observed in TaAs [33] . However all the above experiments can only prove the existence of the Weyl points but can not determine the chirality for each particular Weyl points, which is the key issue in the physics of Weyl semimetals. In this paper, we show that the chirality of a particular Weyl point can be determined from the CD spectra of the time-dependent ARPES experiments.
II. WEYL HAMILTONIAN
The most general Hamiltonian expanded near a Weyl point can be expressed by the following two-band model
where i, j = x, y, z and the matrix a connects the pseudo-spin space σ and momentum space k. Eq. (1) can be rewrite as with which the new coordinates can be uniquely defined according to the "principle axises"
in the momentum and pseudo spin spaces as (
Rotating the coordinate systems into the principle axis defined as 1, 2 and 3 in both momentum and pseudo spin spaces, Eq. (2) can be rewritten as
In Weyl semimetal materials, the Weyl points always come in pairs with opposite chirality. In the following sections, we will discuss how to detect the chirality for a given Weyl point from the CD of time-dependent ARPES experiment. In the experimental setup as illustrated in Fig. 1 , the circular polarized light is shined onto a Weyl semimetal in order to pump electrons from the occupied states to the unoccupied states. Since the purpose is to selectively pump the "chiral electrons" from the lower branch to the upper branch of a Weyl cone using chiral photons (see Fig. 2 ) [39] , the energy of the pumping photons needs to be within the linear range of the Weyl dispersion, which is roughly a few tens meV for TaAs, thus a THz source is required. The continuing-pumped unoccupied states can then be probed by regular bulk-sensitive ARPES, such as soft x-ray ARPES commonly used in the study of
Weyl semimetals [30, 31, [34] [35] [36] [37] .
where
To consider the coupling of electrons and pump light, we start from the microscopic
Hamiltonian of an electron with spin-orbit coupling which is given by
where p is momentum operator, V is crystal potential,and s is electron spin operator. The
Hamiltonian for systems coupled to the electromagnetic field is obtained via the Peierls substitution p → p − eA, where A is the vector potential of the electromagnetic filed. The electron-photon interaction term can then be obtained as
is the velocity operator, where i = 1, 2, 3.
Suppose in the ideal case the chemical potential is located right at the Weyl point, then the pumping rate from the lower branch to the upper branch caused by the light is determined by the following matrix element
where A is the Fourier transform of vector potential A. For the circular polarized light we have 
Therefore, the matrix element in Eq. (8) takes the formula as
For the states in the +k 3 axis, where the discussions simple, we suppose that λ 1 = λ 2 . Then it is easy to check that only the v + operator contribute nonzero matrix element between |u c +k 3 and |u v +k 3 states. Meanwhile, the requirement of A − being nonzero lead to η = −1. These results mean that for Weyl fermions with chirality χ = 1, the occupied states in the +k 3 axis can only be pumped by the left-handed circular polarized photons. For the states in the −k 3 axis, they can only be pumped by the right-handed circular polarized photons as illustrated in Fig. 2(a) . Whereas for χ = −1, with the same argument as discussed above, we find that the situation is just the opposite, where the states at the ±k 3 axis can only be pumped by the right/left-handed circular polarized light as illustrated in Fig. 2(d) .
The pumping process induced by the circular polarized light will be eventually balanced by the relaxation processes in the crystal and form a steady state. The occupation intensity of the exited states in such a steady state can be obtained as [40] 
where A v (ω) = Therefore the CD values in the ±k 3 axis can be calculated as
which shows that the CD spectra take opposite values at ±k 3 axis and its sign directly related to the chirality χ as shown in Fig. 2(b,e) .
The above results indicate that we can determine the chirality for a given Weyl point by checking the CD of time-dependent ARPES. But there is one problem which needs to be clarified. In the previous paragraph, we have set the light propagating direction to be identical to the positive direction of the absolution coordinate system and obtain the above results. It seems that we need to know in advance that which direction is positive (according to the gauge fixing condition defined above) for a given principle axis, which is not possible experimentally. Actually this is not necessary due to the following reason. Let's consider another possibility that the circular polarized light is applied anti-parallel to the absolutek 3 direction. the CD spectra can be obtained as shown in Fig. 2(c,f) . Comparing the results in Fig. 2(b,c,e,f) , we find that if we define the propagating direction of the circular polarized light as the reference direction, the results for both situations become identical, namely for
Weyl point with chirality χ = 1 the CD of the time-dependent ARPES will be positive (negative) for momentum k anti-parallel (parallel) to the propagating direction of light as illustrated in Fig. 2(b,c) , while for χ = −1 the CD spectra will be positive (negative) for momentum k parallel (anti-parallel) to the propagating direction of light as illustrated in Fig. 2(e,f) . Therefore the above results can be used to determine the chirality of a Weyl point purely by experiments. For the more general case that the pump filed injected with angles θ l and φ l , the CD spectra at k point with angles θ k and φ k can be calculated as
We discuss the CD spectra for the general case in the following section. 
IV. WEYL POINTS IN TAAS
The new discovered TaAs family materials are the first verified realistic materials that contain Weyl points near the Fermi level. Totally there are 12 pairs of Weyl points in TaAs as shown in Fig. 3(a) 
The energy dispersion and the isenergic surface near W1 and W2 are shown in Fig. 3(b-i) .
By performing the SVD, we can get the singular values of a W 1 and a W 2 as λ Fig. 3(h,i) .
With the help of Eq. (14) , The CD spectra of time-dependent ARPES for Weyl point can be obtained as
with the pump field injected along thek 3 direction. For the pump field injected along the −k 3 direction, the CD spectra are I CD ∝ +4χA 
